We present a reproducible process to directly pattern 3-Dimensional (3D) polydimethylsiloxane (PDMS) structures for Organ-on-Chips (OOC) via automated molding. The presented process employs a commercially available system from IC packaging improving the fabrication process for microfluidic channels and thin membranes, which are components frequently used in OOCs. The process removes the manual steps used previously in the fabrication of microfluidic channels and improves the control over the thickness of the PDMS layers. The process was also employed to fabricate and pattern thin PDMS membranes on silicon wafers, without the use of lithography and etching steps and in combination with 3D structures. The use of foil assisted molding techniques presented in this work is an important step toward the large-scale manufacturing of OOCs.
Introduction
Organ-on-Chips (OOC) are microfabricated devices, often composed of microfluidic channels and polymeric membranes assembled to create a dynamic microenvironment for cell culturing. The different kind of cells cultured on the chips are able to interact, creating an in vitro model of functional units of an organ. Growth, proliferation, differentiation, maturation and controlled interactions between the different cell types in the model are promoted by the dynamically controlled environment in the device [1, 2] .
The microfluidic channel and membranes included in these devices are often fabricated using polydimethylsiloxane (PDMS) patterned via soft lithography [3] . This allows simple and rapid modeling of new three-dimensional (3D) chips and is therefore particularly useful in rapid prototyping of new designs [1] . However, soft lithography is based on labor-intensive procedures that reduce device throughput and yield, a hurdle to large-scale fabrication.
The fabrication of the microfluidic channels with soft lithography is often performed by manually pouring a PMDS layer on top of a patterned silicon wafer. The only way to control the thickness of the layer is by adjusting the volume of uncured PDMS. Besides being unreliable, this method does not guarantee uniformity across the wafer.
On the other hand, previous works [4] have focused on improving the fabrication of the membranes using standard silicon-based fabrication techniques. In order to do this, the PDMS is spun-coated on a silicon wafer and patterned by means of standard photolithography and dry-etching. These steps are not fully optimized and standardized due to differences in thermal expansions, hydrophobicity, and swelling of the PDMS [4] . Moreover, the topographies achievable are quite limited in terms of thickness and aspect ratios, resulting in most of the time only in simple 2D features.
This work overcomes these limitations by combining standard silicon fabrication processes with automated 3D molding techniques using a commercially available molding system. With our technique, molded microfluidic channels can be fabricated without any manual dispensing, providing high control over the thickness. Moreover, the process was used to fabricate PDMS membranes on a silicon wafer including 3D topographies without the need for lithography or etching.
Automated 3D Molding on Silicon Wafers
The 3D PDMS molding on silicon wafers is performed using a commercially available BESI MMS-LM molding system. For this proof-of-concept, the wafer was diced and re-shaped in order to fit on top of a pre-existing holder ( Figure 1a ). The loading of the wafer is currently performed manually, but other BESI's tools (e.g., an AMS-LM_molding system) perform this step automatically. The wafer can be either pristine or pre-processed in order to embed MEMS or electrical components and structures in the PDMS [4] . A pre-designed mold, with the negative image of the desired PDMS structure, is automatically brought in contact with the wafer ( Figure  1b) . During the process, the mold is protected from the injected polymer by means of a 50 µm thick Ethylene Tetra Fluoro Ethylene (ETFE) foil that is pulled and fixated to the inner surfaces of the mold by special vacuum channels.
Next, PDMS (Sylgard 182 with a 1:10 elastomer/curing agent ratio) is injected into the cavities of the mold creating the desired structures (Figure 1c) . The pressure between the wafer and the mold is kept constant, preventing any damage to the wafer. Moreover, the injection speed is controlled to smoothly fill the mold with a transfer speed starting at 2 mm/s, slowing down to 1 mm/s and finally to 0.5 mm/s. The molding tool is equipped with a venting mechanism that mechanically closes as soon as the cavity is completely filled. After that, the temperature (100 °C) and the pressure (5 MPa) are kept constant for the time needed for pre-curing of the PDMS (10 min). After curing, the molding press opens and the molded sample is removed (Figure 1d) . Finally, the wafer is manually removed from the holder, and fully cured (120 °C, 4 h). The automatic molding prevents PDMS residues or particles on the back and sides of the wafer, allowing for further processing of the wafer in a clean-room environment. The machine mold cleaning is automatically performed by removing the ETFE foil from the mold. Process flow: (a) the wafer is loaded on a customized holder and inserted in an MMS-LM molding system, (b) the mold, protected by a 50 µm EFTE foil, is brought in contact with the wafer, (c) the uncured PDMS is loaded inside the molding machine and is injected into the mold cavities, and (d) the molding press opens and the wafer is unloaded.
Fabrication of Organ-on-Chip Components
The process presented in Section 2 was employed to fabricate a microfluidic channel previously used for a Lung-on-Chip application [3] and a polymeric membrane previously used in a Heart-onChip [4] .
The steps of the novel process applied for the fabrication of a microfluidic channel are presented in Figure 1a -c. For the fabrication of the microfluidic channels, a flat mold was used in order to deposit a uniform layer of PDMS on top of 100 µm-thick structures made of THB-151N negative photoresists (PR) (Figure 1a) . The PR was conformally covered by the PDMS without any bubbles or voids formation, as shown in Figure 2b ,d,e. The thickness of the PDMS can be changed by tuning the distance between the mold and the wafer in the machine. This guarantees a high control over the thickness of the molded layer across the wafer. By adjusting the distance between the wafer and the mold to 200 µm, it is possible to obtain a 200.8 µm layer with variations of only ± 4 µm, as measured with a Dektak 8 surface profilometer. The thickness of the PDMS layer can be easily increased up to 1 mm. The fabrication of the channels was finalized by peeling the PDMS layer from the wafer leaving the PR pattern transferred to the bottom side of the PDMS film (Figure 2c,f) . The easy peeling of the layer is guaranteed by the poor adhesion between PDMS and the silicon wafer [5] . Furthermore, the process was also employed to fabricate the stretchable membranes included in the Heart-on-Chip presented by Gaio et al. [4] . The process allowed the fabrication of the membranes in one single step, without any need for lithography and etching steps to pattern the PDMS. The steps of the novel process applied for the fabrication of a membrane are shown in Figure 1a -c. A PDMS layer is molded on a pre-processed wafer as shown in Figure 3d . The process allowed depositing and patterning of 3D PDMS structures with thicknesses ranging from 15 to 175 µm, while leaving non-patterned areas of the wafer free from PDMS (Figure 3d,e) . The thickness of the layer was characterized with a VK-X250 3D Laser Scanning Confocal Microscope, showing variations of only ±1.3 µm on the 15 µm-thick membrane areas across the wafer (Figure 3f ). The 15 µm PDMS membranes were then released by etching the silicon supporting the PDMS membrane (Figure 3c,g,h) by means of Deep Reactive Ion Etching (DRIE). In order to do this, the molded wafer was turned upside down and loaded on a transport wafer. Reduction of the membrane thickness has not been attempted as it was foreseen that process stability would be affected. 
Conclusions
We developed an automated and versatile process to obtain 3D PDMS structures on a silicon wafer for OOC applications. A detailed description of the PDMS deposition and patterning with a BESI MMS-LM system was reported. Subsequently, we applied the developed technology to fabricate two components often included in OOCs: microfluidic channels and thin membranes The results clearly indicate that this process can be effectively used in the microfabrication of multiple 2D and 3D structures, showing its versatility.
The microfluidic channels were fabricated by imprinting 100 µm thick PR structures in a 200 µm PDMS layer. The new processed improves the standard molding procedure. It is possible to control the thickness of the molded layer, avoiding any manual dispensing. Thin membranes (15 µm thick) were fabricated by molding a variable thickness layer on a silicon wafer and then selectively remove the silicon from underneath the PMDS. Unlike previous works [4] , the deposition and patterning of this structure were performed in one single step, without the need for photo-lithography and etching.
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